 Woodchip bioreactor columns were followed with plastic carrier polishing chambers.
A C C E P T E D M
A N U S C R I P T with inert media, may offer potential to increase nitrate removal and mitigate unintended bioreactor by-products. Paired-column configurations filled with woodchips followed by plastic biofilm carrier media showed significant nitrate removal within the woodchip bioreactor columns (37, 26, and 88% nitrate removal efficiencies at woodchip column retention times of 7.1, 18, and 52 h), but no significant additional nitrate removal benefit of the post-processing plastic media chamber (41, 22, and 89% nitrate removal efficiencies, respectively). Releases of chemical oxygen demand from the woodchips were likely not sufficient to fuel significant nitrate removal in the polishing chamber. However, the polishing chamber significantly reduced nitrite releases from the bioreactor columns, and provided some mitigation of reduced sulfate during the 52-h retention time testing period (influent, woodchip effluent, and plastic chamber effluent sulfate concentrations of 23.6, 18.8, and 20.7 mg SO4 2-L -1 , respectively). A full-scale postwoodchip polishing chamber filled with inert plastic media generally may not be worth the added cost unless the receiving waters are particularly sensitive to nitrite or hydrogen sulfide.
KEYWORDS: woodchip; denitrification; plastic carriers; wastewater; nitrate;
Introduction
Heterotrophic denitrifying bioreactors that use readily available solid carbon sources (e.g., Corncobs are a more labile carbon source than woodchips for denitrifying bioreactors, but are less commonly used for this application.
The objective of this column study was to evaluate potential nitrate-removal and pollution swapping (i.e., removal of NO3 -at the expense of releases of other compounds) of a post-
woodchip bioreactor polishing chamber filled with inert plastic media. It was hypothesized that chemical oxygen demand (COD) released from the woodchips, during longer-term testing, would be sufficient to serve as a carbon source to fuel additional denitrification within the plastic carrier column.
Methods and materials
Two paired up-flow configurations each included a denitrification column (schedule 40 PVC; 
Results and discussion

Nitrate removal
The addition of the plastic carrier polishing chamber improved NO3 -removal efficiency from 37% (woodchip alone) to 41% (paired configuration) during the initial operation period, but this was not a statistically significant increase based on the effluent NO3 -concentrations (Table 1; woodchip and plastic carrier effluent: 22.4 ± 6.4 and 19.8 ± 6.0 mg NO3-N L -1 , respectively).
Similarly, there was no statistically significant difference between the NO3 -concentrations Table 3 ). The significant decrease in NO3 -concentrations across the woodchip columns alone compared to the influent for all periods, paired with the consistent increase in alkalinity across these columns (Tables 1-3 
Pollution swapping: COD, sulfate, and nitrite
The COD concentration significantly increased across the woodchip columns during the initial operation period (influent solution: 5.0 mg COD L -1 ; woodchip effluent: 14.7 mg COD L -1 ; (Table 3) . The highly reduced conditions in the woodchips may have precipitated fermentation and organic acid production (Mirzoyan et al., 2010 ) thus lowering the pH more notably than during the two other study periods. Regardless, during periods of COD release, the polishing chamber reduced the leached COD concentrations, though these changes were not significant, and the final paired-column effluent was still elevated above the influent values (Tables 1 and 3 ).
The only significant difference in sulfate concentrations between the three sampling locations occurred during the long retention time period where influent sulfate concentrations of 23.6 mg SO4 2-L -1 were reduced to 18.8 mg SO4 2-L -1 (Table 3 ; Fig. 1c) . As with the woodchip-released COD, the plastic carrier polishing chamber provided some mitigation of the reduced sulfate (plastic carrier effluent: 20.7 mg SO4 2-L -1 ; not a significant difference). While dissolved
hydrogen sulfide concentrations were not measured, the plastic media may have provided surface area for the oxidation of sulfide back to sulfate. During the long retention time period, as well as during the steady state period, DO levels increased across the plastic media chamber potentially corroborating the occurrence of conditions conducive to aerobic treatment (Table 2 and 3) .
While a relatively shorter retention time would eliminate the production of sulfides and fermentation-associated COD releases, the production of NO2 -under shorter retention times may be a pollution swapping trade-off (Fig. 1 ). When N removal was not complete during the first two monitoring periods, NO2-was produced (Fig. 1d) . These results confirm those of Hua et al.
(2016) who also reported that effluent NO2 -concentrations increased with decreasing HRT. The relatively stable conditions during the steady state period showed a notable benefit to the plastic carrier chamber with a reduction of NO2 -concentrations to that not significantly different from the influent (Table 2) . Effluent from the polishing chamber still exhibited a 246% increase over the influent, but that was an improvement compared to the use of woodchips alone during the steady state phase. Comparison across measurement periods showed that incomplete NO3 -removal, observed during all but the final month of testing, will result in some NO2 -release.
However, NO2 -release was minimized when the woodchip bioreactor was paired with the additional reactor filled with plastic media. This finding may provide insight into the greater cumulative nitrate removal of a similar plastic-media filter after corn cobs observed in Feyereisen et al. (2017) , a study in which nitrite specifically was not measured (i.e., NO3-N + NO2-N analyzed colorimetrically via cadmium reduction). This study also reported reduced cumulative production of N2O at 15.5°C for the treatment with a plastic-medium polishing
chamber, suggesting that the plastic media filled chamber resulted in a more complete denitrification process.
Conclusions
A post-woodchip polishing chamber filled with inert plastic media provided no additional NO3 -removal benefit, and generally may not be worth the added cost. However, the addition of plastic carriers did significantly reduce releases of COD and NO2 -from the woodchips, as well as provided opportunity for sulfate to re-oxidize after it had been reduced to sulfide during long retention times. Several of these processes internal to woodchip bioreactor systems merit further investigation in future research. At the field scale, an extra polishing chamber might not be necessary unless the receiving waters are particularly sensitive to NO2 -or H2S. Tables   Table 1 Initial operation period (d 0-97; 7.1 h hydraulic retention time in the woodchip column) mean ± stdev nutrient concentrations for the influent, woodchip effluent and final effluent from the plastic carrier chamber. Negative removal efficiency indicates production of an analyte.
Concentration means followed by the same letter within a given row are not significantly different at α = 0.05.
Influent Woodchip effluent
Plastic carrier effluent Removal efficiency due to woodchips
Removal efficiency due to woodchips + plastic carrier 22.4 ± 1.0 22.7 ± 0.9 -7.9 ± 2.9 -9.1 ± 2. A C C E P T E D M A N U S C R I P T
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